The volatile anesthetic isoflurane protects against renal ischemia and reperfusion injury by releasing renal tubular TGF-β1. Since adenosine is a powerful cytoprotective molecule, we tested whether TGF-β1 generated by isoflurane induces renal tubular ecto-5′-nucleotidase (CD73) and adenosine to protect against renal ischemia and reperfusion injury. Isoflurane induced new CD73 synthesis and increased adenosine generation in cultured kidney proximal tubule cells and in mouse kidney. Moreover, a TGF-β1 neutralizing antibody prevented isoflurane-mediated induction of CD73 activity. Mice anesthetized with isoflurane after renal ischemia and reperfusion had significantly reduced plasma creatinine and decreased renal tubular necrosis, neutrophil infiltration and apoptosis compared to pentobarbital-anesthetized mice. Isoflurane failed to protect against renal ischemia and reperfusion injury in CD73 deficient mice, in mice pretreated with a selective CD73 inhibitor or mice treated with an adenosine receptor antagonist. The TGF-β1 neutralizing antibody or the CD73 inhibitor attenuated isoflurane-mediated protection against HK-2 cell apoptosis. Thus, isoflurane causes TGF-β1-dependent induction of renal tubular CD73 and adenosine generation to protect against renal ischemia and reperfusion injury. Modulation of this pathway may have important therapeutic implications to reduce morbidity and mortality arising from ischemic acute kidney injury.
Introduction
Acute kidney injury (AKI) results in extremely high mortality and morbidity costing more than 10 billion dollars per year in the US [1] . Renal ischemia and reperfusion (IR) injury is a frequent cause of AKI for patients subjected to kidney, liver or aortic surgery [2] [3] [4] . Unfortunately, there are no effective methods or drugs to treat or prevent AKI. [5] [6] [7] . Moreover, AKI is frequently associated with other life-threatening complications including multiorgan failure and sepsis and commonly progresses to chronic kidney disease [5, 6, 8] . Although incompletely understood, renal tubular cell necrosis, inflammation and apoptosis contribute to the pathogenesis of ischemic AKI [9] .
The majority of patients subjected to general anesthesia receive volatile anesthetics during more than 80 million surgical procedures per year [10] . In addition to its analgesic and anesthetic properties, volatile anesthetics including isoflurane [2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane] protect against renal IR injury by attenuating the inflammatory response as well as necrosis [11, 12] . We previously demonstrated that sevoflurane, another widely used volatile anesthetic, had direct anti-inflammatory and antinecrotic effects in cultured human kidney proximal tubule (HK-2) cells [13, 14] . We subsequently demonstrated volatile anesthetics protect against renal tubular necrosis and inflammation by direct renal tubular production of transforming growth factor-beta 1 (TGF-β1) [14] [15] [16] . However, the downstream signaling mechanisms of volatile anestheticmediated renal protection generated by TGF-β1 remain incompletely understood.
In this study, we aimed to identify the downstream signaling intermediates triggered by isoflurane-mediated generation of TGF-β1. Recent studies suggest that TGF-β1 induces expression of ecto-5′-nucleotidase (CD73) in leukocytes including T-lymphocytes, macrophages and dendritic cells [17, 18] . CD73 is a cell surface enzyme that converts extracellular AMP to adenosine [19] . Adenosine is a powerful cytoprotective molecule that reduces all 3 components of renal tubular cell death in ischemic AKI including necrosis, inflammation and apoptosis [20] . Therefore, in this study we tested the hypothesis that isoflurane generates adenosine in the kidney via TGF-β1-mediated induction of renal tubular CD73. We also tested whether isoflurane protects against ischemic AKI by CD73-mediated adenosine generation.
Results

Isoflurane increases adenosine generated by human proximal tubule (HK-2) cells
We first determined whether isoflurane treatment increases adenosine generation in human renal proximal tubule (HK-2) cells. HK-2 cells were treated with either carrier gas or isoflurane and we collected cell culture media for adenosine analysis with HPLC ( Figure 1 ). Representative images of adenosine HPLC tracings are shown in Figure 1A , Figure 1B and Figure 1C . Figure 1A shows adenosine standard (200 pmol) peak eluting at ~7.5 min. We determined that isoflurane treatment (2.5% for 16 hr) increased adenosine levels in HK-2 cell culture media. Figure 1D shows that average adenosine levels after isoflurane treatment increased dose-dependently when compared with carrier gas-treated (room air plus 5% CO 2 ) cells.
Induction CD73 activity, mRNA and protein synthesis by isoflurane in cultured human and mouse kidney proximal tubule cells
The next set of experiments determined whether isoflurane stimulates CD73 activity in immortalized human renal proximal tubule (HK-2) cells. HK-2 cells treated with isoflurane had significantly increased CD73 activity (conversion of AMP to adenosine) in a time (2.5% for 0-16 hr, Figure 2A ) and dose-dependent (0-2.5% for 16 hr, Figure 2B ) manner. These increases in CD73 activities were associated with dose (0-2.5%) and time (0-16 hr) dependent increases in CD73 mRNA and protein expression ( Figure 2C and Figure 2D ). In contrast, CD39 mRNA did not change with isoflurane treatment in HK-2 cells (data not shown). We also determined whether isoflurane treatment increases CD73 expression in primary culture of mouse proximal tubule cells. Figure 2E shows increased CD73 protein expression in primary cultures of mouse kidney proximal tubule cells treated with 2.5% isoflurane for 16 hr (representative of 4 experiments). Therefore, our studies show that isoflurane increases CD73 expression in both immortalized and primary cultures of renal proximal tubule cells.
Mechanism of isoflurane mediated CD73 activation and induction in renal proximal tubule cells
The next series of experiments determined the mechanism of isoflurane-mediated CD73 induction in renal proximal tubule cells. We previously demonstrated that volatile anesthetics released renal tubular TGF-β1 that directly contributes to the reduction in renal tubular necrosis and inflammation [15, 16] . We tested the hypothesis that isofluranemediated generation of TGF-β1 directly induces CD73 mRNA and protein as well as activity with subsequent increase in renal tubular adenosine generation. We inhibited TGF-β1 signaling in HK-2 cells by pretreating the cells with TGF-β1 neutralizing antibody (10 μg/ml) 30 min. before isoflurane exposure (2.5% for 6 or 16 hr) as described [15, 16] . HK-2 cells pretreated with control isotype antibody (mouse IgG) demonstrated significant (>2 fold) induction of CD73 expression as well as activity ( Figure 3A-C) . We determined that neutralization of TGF-β1 significantly attenuated the upregulation of CD73 mRNA ( Figure  3A ) as well as protein expression ( Figure 3B ) with isoflurane treatment in HK-2 cells. Furthermore, TGF-β1 neutralizing antibody treatment attenuated the induction of CD73 activity and adenosine generation in HK-2 cells ( Figure 3C ).
We next determined whether isoflurane-mediated generation of TGF-β1 also induces CD73 expression in mouse proximal tubule cells in culture. Figure 3D and Figure 3E show that primary cultures of mouse kidney proximal tubule cells pretreated with control isotype antibody (mouse IgG) had significant CD73 mRNA and protein induction after 6 and 16 hr treatment with 2.5% isoflurane, respectively (representative of 3 experiments). TGF-β1 neutralization significantly attenuated the upregulation of CD73 mRNA and protein in isoflurane-treated mouse proximal tubule cells. Therefore, our studies show that isofluraneinduced TGF-β1 induces CD73 in both immortalized and primary cultures of renal proximal tubule cells.
Isoflurane-mediated induction of kidney CD73 in vivo via TGF-β1 signaling
Next, we aimed to determine whether isoflurane induces CD73 expression and activity in vivo as we observed in vitro. We previously demonstrated that there were no differences in systemic arterial blood pressure, renal blood flow, or core body temperature in mice anesthetized with pentobarbital or with 1 minimum alveolar concentration (MAC) isoflurane [12, 21] . We initially determined that kidney CD73 mRNA and protein expression increased in CD73 wild type mice exposed 1.2% isoflurane (ISO) for 4 hr after sham-operation or 30 min. renal IR injury ( Figure 4A , representative of 3-4 experiments). We were unable to detect CD73 mRNA or protein expression in CD73 deficient mice. We also measured kidney CD73 activity in kidneys from CD73 deficient or CD73 wild type mice subjected to isoflurane (1.2%) or pentobarbital anesthesia for 4 hr ( Figure 4B ). We show that CD73 expression increased in isoflurane-anesthetized mice compared to mice anesthetized with equi-anesthetic doses of pentobarbital. Moreover, the CD73 activity was slightly higher in kidneys from mice subjected to renal IR compared to sham-operated mice. CD73 activity measured in CD73 deficient mice was dramatically lower (>90%) when compared to CD73 wild type mice ( Figure 4B ). To test the critical role of TGF-β1 signaling in isofluranemediated CD73 induction in vivo, some CD73 wild type mice were injected with 5 mg/kg monoclonal anti-TGF-β1 (MAB240) or control isotype antibody i.v. 10 min. before renal ischemia. We also treated some CD73 wild type mice with a specific TGF-β receptor I kinase inhibitor SD-208 (60 mg/kg p.o.) 1 hr before renal ischemia. We determined that TGF-β1 neutralization or inhibition of TGF-β1 receptor I kinase prevented the induction of kidney CD73 activity after isoflurane anesthesia in mice ( Figure 4B ). Consistent with this, TGF-β1 neutralization or inhibition of TGF-β1 receptor I kinase prevented CD73 mRNA induction after isoflurane anesthesia ( Figure 4C , representative of 3 experiments). Therefore, from these experiments we can conclude that isoflurane induces CD73 activity and synthesis in vivo via TGF-β1 signaling.
We also performed CD73 immunohistochemistry in mouse kidneys anesthetized with 1.2% isoflurane or equi-anesthetic dose of pentobarbital for 4 hr. Figure 4D shows diffuse renal tubular CD73 staining in mice anesthetized with pentobarbital and increased CD73 staining in the kidneys of mice anesthetized with 1.2% isoflurane for 4 hr (representative of 4 experiments). CD73 was not visible in the kidneys stained with negative isotype control antibody or in the kidneys from CD73 deficient mice stained with CD73 antibody. Quantification of immunohistochemical staining confirmed significantly increase in CD73 immunoreactivity in CD73 wild type mice anesthetized with isoflurane ( Figure 4E ).
wild type mice anesthetized with pentobarbital (Cr=0.48±0.02 mg/dL, N=4) or with 1.2% isoflurane for 4 hr (Cr=0.47±0.02 mg/dL, N=4) had similar plasma creatinine values after sham-operation. Plasma creatinine significantly increased in CD73 wild type mice subjected to 30 min. of renal ischemia and 24 hr reperfusion compared to sham-operated mice ( Figure  5A ). However, mice anesthetized with 1.2% isoflurane for 4 hr after renal ischemia (isoflurane post-conditioning) had significantly decreased plasma creatinine 24 hr after injury compared to mice anesthetized with pentobarbital after renal ischemic. Supporting a critical role for CD73 in isoflurane-mediated renal protection against IR, CD73 deficient mice or CD73 wild type mice pretreated with a specific CD73 inhibitor (AOPCP) before renal ischemia were not protected against renal injury with isoflurane post-conditioning. Furthermore, a non-specific but selective antagonist for adenosine receptors (8-Phenyltheophylline) pretreated also abolished renal protective effects of isoflurane postconditioning ( Figure 5A ). In addition, mice pretreated with a TGF-β1 neutralizing antibody or with a specific TGF-β receptor 1 kinase inhibitor (SD-208) were not protected against renal injury with isoflurane post-conditioning ( Figure 5A ). In contrast, isotype antibodytreated mice were protected against ischemic AKI with isoflurane post-conditioning. Finally, reconstitution of CD73 deficient mice with soluble 5′-nucleotidase resulted in restoration of renal protection with isoflurane post-conditioning (Cr=1.89±0.28 mg/dL, N=5, P<0.01 vs. CD73 deficient mice subjected to renal IR). Plasma creatinine in mice treated with adenosine receptor or TGF-β1 signaling inhibitors did not significantly differ from control isotype antibody-treated or vehicle-treated sham-operated mice. Collectively, these studies suggest that CD73 induction as well as increased adenosine generated by isoflurane directly activate adenosine receptors to trigger in vivo renal protection.
In addition to plasma creatinine, we also examined renal histology after IR. Figure 5B demonstrates severe necrotic renal injury in vehicle-mice subjected to renal IR and anesthetized with pentobarbital. Compared to sham-operated vehicle-treated mice (not shown), the kidneys of mice subjected to renal IR showed significant tubular necrosis, proteinaceous casts with increased congestion. In contrast, consistent with the plasma creatinine data, isoflurane post-conditioning reduced renal tubular necrosis after IR 24 hr after injury. Supporting a critical role of CD73 in isoflurane-mediated renal protection against IR, isoflurane post-conditioning failed to reduce renal tubular necrosis in wild type mice pretreated with AOPCP (a specific CD73 inhibitor) or in CD73 deficient mice. The Jablonski scale [22] renal injury score was used to grade renal tubular necrosis 24 hr after renal IR ( Figure 5C ). Thirty min. of renal ischemia and 24 hr of reperfusion resulted in severe acute tubular necrosis in vehicle-treated mice anesthetized with pentobarbital after renal ischemic. Consistent with the renal histology data, isoflurane post-conditioning significantly reduced the renal injury score in vehicle-treated mice but not in mice pretreated with AOPCP or in CD73 deficient mice. Figure 6A shows representative images (from 4-5 experiments) of neutrophil immunohistochemitry in kidneys (magnification 200X) of mice subjected to 30 min. of renal ischemia and 24 hr reperfusion. There was heavy neutrophil infiltration in the kidneys of vehicle-treated and pentobarbital anesthetized subjected to renal IR. Stained neutrophils appear dark brown. In sham-operated mice, we were unable to detect any neutrophils in the kidney (data not shown). In contrast, mice anesthetized with isoflurane for 4 hr after renal ischemia had significantly reduced neutrophil infiltration in the kidney 24 hr after IR ( Figure  6B ). Again, isoflurane post-conditioning failed to reduce renal neutrophil infiltration in wild type mice pretreated with AOPCP (a specific CD73 inhibitor) or in CD73 deficient mice.
CD73 deletion or inhibition prevents isoflurane post-conditioning-mediated reduction in kidney neutrophil infiltration
CD73 deletion or inhibition abolishes isoflurane post-conditioning-mediated protection against renal apoptosis
TUNEL staining detected apoptotic renal cells in the kidneys of mice subjected to renal IR resulting in severe proximal tubule cell apoptosis ( Figure 6C and 6D, 100X). Renal ischemia and 24 hr of reperfusion resulted in significant apoptosis in the kidneys of vehicle-treated and pentobarbital anesthetized mice. However, mice anesthetized with isoflurane for 4 hr after renal ischemia had significantly reduced number of apoptotic TUNEL-positive cells in the kidney 24 hr after IR ( Figure 6D ). Again, isoflurane post-conditioning failed to reduce renal tubular apoptosis in wild type mice pretreated with AOPCP (a specific CD73 inhibitor) or in CD73 deficient mice.
Isoflurane treatment reduces HK-2 cell apoptosis via CD73 activation and adenosine generation
Since renal injury after IR in vivo is orchestrated by complex interactions between renal tubule cells, endothelial cells as well as infiltrating pro-inflammatory leukocytes, we tested whether isoflurane directly modulates renal tubular apoptosis in vitro via induction of CD73 activity. HK-2 cells treated with TNF-α and cycloheximide for 16 hr died from apoptosis with robust PARP and caspase-3 fragmentation ( Figure 7A ) and DNA laddering ( Figure  7B ). In contrast, HK-2 cells treated with isoflurane showed reduced apoptotic death indicated by decreased PARP and caspase-3 fragmentation and DNA laddering ( Figure 7 ). Supporting a critical role of TGF-β1 as well as CD73 in isoflurane-mediated in vitro protection against HK-2 cell apoptosis, cells pretreated with TGF-β1 neutralizing antibody or with AOPCP were not protected against renal tubular apoptosis with isoflurane treatment ( Figure 7 ).
Isoflurane post-conditioning improves outer medullary renal blood flow after ischemic AKI
We next tested whether isoflurane post-conditioning modulates renal blood flow after IR. Laser Doppler flow probes allowed us to measure outer medullary renal blood cell flux as an index of renal blood flow [23] . Thirty min. of renal IR resulted in significant (~30-35%) reductions in outer medullary renal blood flow in both pentobarbital-anesthetized and isoflurane-anesthetized mice ( Figure 8 ). Although isoflurane anesthesia (1.2%) did not affect renal blood flow at baseline [12, 21] , isoflurane post-conditioning significantly improved the outer medullary renal blood flow after reperfusion.
Discussion
The major new findings of our study are that 1) clinically relevant concentrations of isoflurane (1.25-2.5%) increased adenosine generation and induces CD73 in cultured proximal tubule cells, 2) TGF-β1 released by renal proximal tubules is directly responsible for isoflurane-mediated induction of CD73 activity and synthesis, 3) isoflurane also increased CD73 activity as well as CD73 expression in mouse kidney in vivo via TGF-β1 signaling, 4) TGF-β1 mediated CD73 induction is critical for isoflurane-mediated renal protection against ischemic AKI in mice, 5) isoflurane-mediated in vitro protection against apoptosis in HK-2 cells was significantly attenuated by neutralizing TGF-β1, blocking CD73 activity or antagonizing adenosine receptors and 6) isoflurane post-conditioning accelerated the recovery of outer medullary renal blood flow after ischemic AKI. Since volatile anesthetics are one of the most widely used drugs during the perioperative period, our findings may have significant clinical implications for attenuating the peri-operative ischemic AKI.
Ischemic AKI due to surgical renal ischemia (e.g., kidney transplantation, partial nephrectomy) or renal hypo-perfusion (e.g., due to cardiogenic shock, aortic surgery or sepsis) is a leading cause of AKI [24] . Renal IR results in AKI by necrosis of renal tubules during ischemia as well as by severe inflammatory insults that occur during reperfusion from free radicals as well as infiltrating pro-inflammatory leukocytes [25, 26] . We previously showed that volatile anesthetics including isoflurane protect against ischemic AKI by attenuating renal tubular necrosis and decreasing influx of pro-inflammatory neutrophils, lymphocytes and macrophages [11, 12] . We also demonstrated that volatile anesthetics produce direct anti-inflammatory and anti-necrotic effects in cultured human kidney proximal tubule (HK-2) cells [13, 14] . Here, we additionally demonstrated that isoflurane post-conditioning accelerated the recovery of post-ischemic renal blood flow. Therefore, volatile anesthetics-mediated renal protection is due to combination of direct reductions in ischemic renal tubular necrosis, reductions in renal inflammation and accelerated recovery of no re-flow response after ischemic AKI.
The most novel and exciting finding of our studies is that isoflurane-mediated release of TGF-β1 induced CD73 synthesis in vivo as well as in vitro leading to increased renal tubular adenosine generation. We previously showed that volatile anesthetics-mediated reduction in renal tubular necrosis and inflammation is dependent on the release of renal tubular TGF-β1 [15, 16] . TGF-β1 neutralizing antibody prevented isoflurane-mediated reduction in NF-κB nuclear translocation and attenuated the anti-inflammatory effects of isoflurane [27] . Furthermore, volatile anesthetic-mediated renal protection was abolished in mice deficient in TGF-β1 or wild type mice treated with neutralizing TGF-β1 antibody. Recently, Regateiro et al. showed that TGF-β1 induces cell surface CD73 (ecto-5′-nucleotidase) expression in leukocytes including T-lymphocytes, macrophages and dendritic cells [17] . While it is well known that hypoxia or ischemia drives CD73 induction via hypoxia inducible factor-1α binding to the CD73 promoter [28, 29] , TGF-β1 driven induction of CD73 in renal proximal tubule cells has never been investigated previously. Our current results show that TGF-β1 stimulates new CD73 mRNA and protein synthesis leading to increased CD73 activity and increased renal tubular adenosine generation.
We show in this study that TGF-β1-mediated CD73 induction and adenosine generation is critical for isoflurane-mediated protection against ischemic AKI. Isoflurane-mediated CD73 induction and adenosine generation not only protected cultured renal proximal tubule cells against apoptosis but also reduced in vivo renal IR injury with attenuated renal tubular necrosis, neutrophil infiltration and apoptosis. We used both genetic and pharmacological approaches to test the role of CD73 in isoflurane-mediated renal protection. Cell surface CD73 catalyzes the hydrolysis of AMP to generate adenosine and is considered the ratelimiting step in extracellular adenosine generation [19] . Adenosine signaling regulates diverse physiological effects including cardiovascular control, tissue injury and inflammation in many organs [30] [31] [32] [33] . Furthermore, CD73 activation and adenosine generation protects against renal, intestinal and cardiac IR injury and improves barrier function in these organs [34] [35] [36] . Indeed, mice deficient in CD73 have increased vascular pathology, tissue injury and inflammation after IR [35, 36] . Moreover, enhanced CD73 activity is critical in protecting against intestinal, cardiac and renal IR injury [35] [36] [37] as well as ischemic preconditioning [35, 36, 38] . Finally, CD73 is critical in decreasing mortality and organ injury in a mouse model of sepsis [39] . Taken together, we propose that enhanced CD73 synthesis and activity with increased adenosine generation is the central mechanism of isoflurane-mediated protection against ischemic AKI.
Adenosine generated by CD73 mediates a variety of cellular effects through 4 G-protein coupled purinergic receptors [A 1 , A 2a , A 2b and A 3 adenosine receptors (ARs)] [19, 40] . Activation of A 1 , A 2a or A 2b ARs protects against IR injury in several organs including the kidney [41] [42] [43] . In particular, activation of A 1 , A 2a or A 2b ARs protects against ischemic AKI [42] [43] [44] [45] . A 1 AR activation protects against ischemic AKI through mechanisms involving Extracellular signal-Regulated Kinase, Akt and HSP27 synthesis [46, 47] whereas A 2a ARs protect the kidney via mechanisms involving cAMP and cAMP response elementbinding protein pathways [48] . Our studies show that AR activation is critical for isofluranemediated renal protection as a specific AR antagonist 8-phenyltheophylline abolished the renal protective effects of isoflurane. Future studies will elucidate the specific AR subtype(s) involved in renal protection provided by isoflurane-mediated CD73 induction and adenosine generation.
In addition, degradation of AMP to adenosine by isoflurane-mediated CD73 activation may reduce inflammation further by decreasing the availability of extracellular ATP, a recently recognized danger signal that promotes tissue injury and cell death [49] [50] [51] . Indeed, after tissue injury, high intracellular concentrations of ATP are released from damaged or necrotic cells to the extracellular compartment [51, 52] . Necrotic renal epithelial cells, injured endothelial cells as well as infiltrating leukocytes will continue to release cytotoxic ATP in the kidney after renal reperfusion. Recent studies showed that ATP released by necrotic cells after IR serves as a danger signal, recruits inflammatory leukocytes and further promotes inflammation [49, 50, 53] . We propose that volatile anesthetic-mediated stimulation of CD73 would serve the dual protective roles by decreasing cytotoxic extracellular ATP and generating cytoprotective adenosine.
We showed that mice exposed to a clinically relevant concentration of isoflurane (1.2%) during the reperfusion period after completion of 30 min. warm renal ischemia were significantly protected against renal IR injury (isoflurane post-conditioning). This greatly increases clinical significance as while ischemia can be predicted in many complicated surgical procedures leading to renal injury, a significant number of patients present to the clinic after renal ischemic injury has already occurred. Volatile anesthetics perhaps may be used to sedate patients in the ICU. Volatile anesthetics provide not only sedation and analgesia but may produce adenosine-mediated organ protection by reducing necrosis and inflammation as opposed to currently utilized intravenous anesthetics with no renal protective properties.
While many previous studies demonstrate tissue-protective effects of several clinically utilized volatile anesthetics [15, 54, 55] , some studies showed detrimental and cytotoxic effects of volatile anesthetics [56] [57] [58] . In particular, volatile anesthetics have been shown to produce neuroapoptosis and reduce dendritic branching and synaptogenesis in the developing brain. However, in adult organs, volatile anesthetics in general produce tissue protective effects. It is possible that short term exposure to volatile anesthetics in adults results in tissue protection whereas relatively long exposure in a neonatal tissue may produce cytotoxicity.
To our surprise, isoflurane post-conditioning after renal ischemia significantly improved outer medullary renal blood flow after reperfusion. Based on our findings of in vitro renal tubular protection as well as isoflurane's favorable effects against post-ischemic renal blood flow, we conclude that isoflurane-mediated induction of CD73 and increased adenosine generation protects against ischemic AKI via at least 2 mechanisms. Isoflurane-mediated adenosine generation may directly provide renal tubular protection against necrotic and apoptotic cell death via activation of renal tubular cell surface adenosine receptors. Furthermore, isoflurane-mediated adenosine generation may protect against ischemic AKI by attenuating pos-ischemic no-reflow phenomenon. Consistent with our findings, Grenz et al. [59] recently demonstrated that crosstalk between renal equilibrative nucleoside transporter 1 and A 2b adenosine receptors expressed in vascular endothelia powerfully regulate post-ischemic no-reflow phenomenon. Therefore, increased adenosine generation by isoflurane post-conditioning directly improves post-ischemia no-reflow phenomenon in the kidney via activating adenosine receptors expressed in the vasculature. Future studies are required to examine whether isoflurane post-conditioning increases vascular adenosine by transcriptional regulation of equilibrative nucleoside transporters as eloquently demonstrated by Grenz et al. [59] .
Previous studies have shown that ischemia or hypoxia increases extracellular adenosine by hypoxia inducible factor (HIF)-1α dependent transcriptional regulation of adenosine generating enzymes [60] . Indeed, HIF-1α signaling directly induced CD73 expression resulting in adenosine-mediated intestinal protection against IR injury [61] . Although we found induction of CD73 activity in mice subjected to renal IR and anesthetized with either pentobarbital or isoflurane ( Figure 4B ), we also observed a paradoxical reduction in CD73 mRNA and protein expression in mice subjected to IR ( Figure 4A ). In contrast, mice treated with isoflurane post-conditioning induced both CD73 expression as well as activity. Therefore, induction of CD73 activity due to renal ischemia/hypoxia may not be sufficient to trigger kidney protection in our study.
In summary, we demonstrated that a commonly utilized volatile anesthetic isoflurane protects against renal tubular necrosis and inflammation after renal IR by inducing cytoprotective adenosine generation (Figure 9 ). We hypothesize that isoflurane via release of TGF-β1 directly induces CD73 synthesis as well as activity. Induction of CD73 and subsequent adenosine generation results in cytoprotective effects on neighboring renal tubules, endothelial cells or leukocytes via activation of adenosine receptors. Furthermore, degradation of AMP to adenosine by CD73 activation may reduce cell death and inflammation further by decreasing the availability of extracellular ATP, a recently recognized danger signal that promotes tissue injury and cell death. Therefore, modulation of the CD73 signaling pathway and generation of adenosine by isoflurane may have important therapeutic implications to reduce morbidity and mortality arising from AKI. In addition, further studies are required whether other cell types increase CD73 expression and activity in response to isoflurane anesthesia.
Methods Materials
Isoflurane [2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane] was purchased from Abbott Laboratories (North Chicago, IL). AOPCP (α,β-methylene adenosine-5′-diphosphate, a selective CD73 inhibitor) and 8-PT(8-Phenyltheophylline, an antagonist for adenosine receptors) were obtained from Sigma. Soluble CD73 from Crotalus atrox venom was obtained from Enzo Life Sciences (Farmingdale, NY). Unless otherwise specified, all other reagents were purchased from Sigma (St. Louis, MO). TGF-β1 neutralizing antibody was from R&D Systems (Minneapolis, MN) and the control isotype antibody was obtained from BD Biosciences (San Jose, CA).
Proximal tubule cell culture
Immortalized human renal proximal tubule (HK-2) cells (American Type Culture Collection, Manassas, VA) were grown and passaged with 50:50 mixture of Dulbecco's Modified Eagle Media/F12 with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and antibiotics (100 U/ml penicillin G, 100 μg/ml streptomycin, and 0.25 μg/ml amphotericin B (Invitrogen) at 37°C in a 100% humidified atmosphere of 5% CO 2 -95% air. This cell line has been characterized extensively and retains the phenotypic and functional characteristics of proximal tubule cells in culture [62] . We also confirmed our findings in cultured mouse kidney proximal tubule cells. Mouse kidneys were removed, rinsed in PBS containing 0.5% BSA and 2 mM EDTA (GIBCO), minced and digested in collagenase A (1 mg/mL, Sigma) at 37°C for 45 min. with occasional agitation. The cellular digest was filtered through a nylon mesh, centrifuged at 600g for 10 min, and washed twice. Mouse kidney proximal tubules were isolated according to the method of Vinay et al. using Percoll density gradient separation [63] . Cells were plated in 6-well plates when 80% confluent and used in the experiments described below when confluent after 24 hr serum deprivation.
Exposure of HK-2 cells to isoflurane
HK-2 cells were placed in an air tight, 37 °C, humidified modular incubator chamber (Billups-Rothenberg, Inc, Del Mar, CA) with inflow and outflow ports. The inlet port was connected to a vaporizer (Datex-Ohmeda) to deliver isoflurane mixed with 95% air and 5%CO 2 (carrier gas) at 10 L/min. The outlet port was connected to a Datex-Ohmeda 5250 RGM gas analyzer that measured isoflurane concentrations. Exposure to isoflurane (0-2.5%) lasted 0-16 hrs. Control cells were exposed to carrier gas in an identical modular incubator chamber. To block the effects of TGF-β1 generated by isoflurane, some HK-2 cells were pretreated with neutralizing TGF-β1 antibody (10 μg/ml, R&D Systems, Minneapolis, MN) 30 min. before isoflurane treatment, respectively. We also used nonneutralizing control isotype antibody to test the specificity of the neutralizing TGF-β1 antibody (BD Biosciences, San Jose, CA).
Reverse transcription polymerase chain reaction and immunoblotting analysis for CD73
We measured mRNA encoding human (HK-2 cells) or mouse CD73 after isoflurane treatment as described [64] . Amplification of the CD73 cDNA was performed using the following primers: forward primer, 5′-CCA ATT CTG AGT GCA AAC AT-3′ and reverse primer, 5′-CCT CCC ACC ACG ACG TCC AC-3′ with an annealing temperature of 62°C resulting in a 315 bp product. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA amplification was performed to control for lane loading: forward primer, 5′-ACC ACA GTC CAT GCC ATC AC-3′ and reverse primer, 5′-CAC CAC CCT GTT GCT GTA GCC-3′ with an annealing temperature of 65°C resulting in a 450 bp product. In addition, HK-2 cell lysates or mouse kidney cortex were also collected for immunoblotting analyses of CD73 (Santa Cruz Biotechnologies) and β-actin (internal protein loading control, Sigma) as described previously after isoflurane treatment [64] .
Induction of renal IR injury in mice
After Columbia University Institutional Animal Care and Use Committee approval, we subjected adult male C57BL/6 (Harlan, Indianapolis, IN) as well as CD73 deficient mice (obtained from Dr. Linda Thompson, Oklahoma Medical Research Foundation) [29] to 30 min. of renal IR as described [47, 65] . These mice were backcrossed on to the C57BL/6 background for 14 generations. In our model of renal IR, mice were initially anesthetized with intraperitoneal pentobarbital (Henry Schein Veterinary Co., Indianapolis, IN; 50 mg/kg body weight, or to effect) and subjected to right nephrectomy and 30 min. of left renal ischemia or to sham-operation (laparotomy, right nephretomy without renal ischemia). After closure of the abdomen in two layers, the mice were then exposed to an additional 4 hrs of equipotent doses of either pentobarbital or isoflurane (1.2% or ~1 MAC (minimum alveolar concentration defined as the concentration of volatile anesthetic in the lungs that is needed to prevent movement in 50% of subjects in response to a painful stimulus) as described previously [66] . The mice were placed on a heating pad under a warming light to maintain body temperature ~36-38°C. Some CD73 wild type mice were pretreated with AOPCP (a selective inhibitor of CD73, 2mg/kg, i.p.) or 8-PT (a potent but non-selective adenosine receptor antagonist, 1 mg/kg, i.p.) 15 min. before renal ischemia. To neutralize TGF-β1 in vivo, CD73 wild type mice were injected with 5 mg/kg monoclonal anti-TGF-β1 (MAB240) or control isotype antibody i.v. 10 min. before renal ischemia or sham-operation. To further implicate the role of TGF-β1 in isoflurane-mediated CD73 induction and renal protection, we also treated some CD73 WT mice with a specific TGF-β receptor I kinase inhibitor SD-208 (2-(5-Chloro-2-fluorophenyl)pteridin-4-yl]pyridin-4-yl-amine, 60 mg/kg p.o.) 1 hr before renal ischemia or sham-operation [67] . To test whether reconstitution of CD73 in CD73 deficient mice restores the renal protective effects of isoflurane post-conditioning, some CD73 deficient mice were injected with soluble 5′-nucleotidase (5000U i.v.) from Crotalus atrox venom 20 min. before renal ischemia. We collected kidney (cortex and cortico-medullary junction) and plasma 24 hr after IR injury to examine the severity of renal dysfunction (plasma creatinine, renal histology, apoptosis and neutrophil infiltration).
Measurement of Renal Function
Plasma creatinine was measured as described with an enzymatic creatinine reagent kit according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA) [68] . Unlike the Jaffe method, this method of creatinine measurement largely eliminates the interferences from mouse plasma chromagens.
Histological detection of kidney necrosis, apoptosis and neutrophil infiltration
Morphological assessment of kidney H&E staining was performed by an experienced renal pathologist (V.DA.) who was unaware of the treatment that each animal had received. An established grading scale of necrotic injury (0-4, Renal Injury Score) to the proximal tubules was used for the histopathological assessment of IR-induced damage as outlined by Jablonski et al. [22] and as described previously in our studies [42, 45] . We detected apoptosis after renal IR with TUNEL staining as described elsewhere [69] using a commercially available in situ cell death detection kit (Roche, Indianapolis, IN) according to the instructions provided by the manufacturer. Apoptotic TUNEL positive cells were quantified in 5-7 randomly chosen 100X microscope images fields in the corticomedullary junction and results were expressed as neutrophils counted per 100X field. Renal inflammation after IR injury was determined by detecting neutrophil infiltration with immunohistochemistry 24 hr after renal IR. Immunohistochemistry for neutrophils was performed as described previously [70] with a monoclonal antibody against PMN (clone 7/4). A primary antibody that recognized IgG 2a (MCA1212, Serotec, Raleigh, NC) was used as a negative isotype control in all experiments. Neutrophils infiltrating the kidney were quantified in 5-7 randomly chosen 200X microscope image fields in the corticomedullary junction and results were expressed as neutrophils counted per 200X field.
Measurement of renal blood flow after IR Injury
We measured changes in renal outer medullary blood flow near the corticomedullary junction before, during and after renal ischemia as described previously [23] . We used a needle flow probe (480 μm diameter; Model TSD145) connected to a laser Doppler flow meter (Biopac Systems, Goleta, CA). After pentobarbital anesthesia, the needle flow probe was inserted directly into outer medullary regions (approximately 1.5 mm beneath the surface of the kidney) and voltage output was recorded on a Biopac data acquisition system and represented as blood perfusion unit. The flow data were represented as the percentage change compared with pre-ischemic blood perfusion unit. We confirmed zero flow after renal pedicle occlusion. After reperfusion of ischemic kidney, mice received with either 1.2% isoflurane anesthesia or with equi-anesthetic doses of pentobarbital for 3 hr at 37 °C.
Induction of HK-2 cell apoptosis
To induce apoptosis, HK-2 cells were exposed to tumor necrosis factor-alpha (TNF-α, 20 ng/ml) plus cycloheximide (10 μg/ml) for 16 hr as described previously [71] . Cycloheximide was added in addition to TNF-α to facilitate apoptosis. Some HK-2 cells were treated with 2.5% isoflurane or with carrier gas for 16 hr after induction of apoptosis. Some HK-2 cells were pretreated with TGF-β1 neutralizing antibody (10 μg/ml) or AOPCP (100 μM) 30 min. prior to isoflurane treatment. HK-2 cell apoptosis was assessed by detecting poly-(adensosine diphosphate-ribose)-polymerase (PARP) and caspase 3 fragmentations as described [47, 65] .
CD73 activity assay
CD73 activity was measured by tracking the conversion of AMP to adenosine with or without 100μM AOPCP using a modified protocol according to Gelain et al. [72] .
High pressure liquid chromatography (HPLC) to measure adenosine HK-2 cell culture media were collected after isoflurane treatment. Mouse kidneys were snap-frozen in liquid nitrogen at 5 min. intervals immediately after renal ischemia and 30 min. after reperfusion. Kidneys were sonicated in 0.6 M perchloric acid and neutralized by adding 0.6 M potassium phosphate tribasic. The supernatant or cell culture media was assayed for adenosine by HPLC. Adenosine was quantified on a C18 reversed-phase column with a binary low-pressure gradient elution system with a UV detector set to 254 nm as described [73] . Adenosine deaminase activity and adenosine uptake were inhibited with 10μM erythro-9-(2-hydroxy-3-nonly)adenine (EHNA) and 10μM dipyridamole, respectively.
Immunohistochemistry for CD73
CD73 protein expression in mouse kidney was detected 24 hr after isoflurane treatment by immunohistochemistry using CD73 antibody (Santa Cruz Biotechnologies). Paraffinembedded kidney sections from mice were deparaffinized in xylene and rehydrated through a graded ethanol series to water. Antigen retrieval was performed in 95°C 10 mM sodium citrate (pH 6.0) for 20 min. Endogenous peroxidase activity for all sections was quenched with 0.3% H 2 O 2 while nonspecific binding was reduced with a blocking with buffer containing 10% normal goat serum. The slides were stained for CD73 in sequential incubations with rabbit anti-CD73 antibody (sc-25603, 1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C, horseradish peroxidase-conjugated goat anti-rabbit IgG (PI-1000, 1:100 dilution, Vector Laboratories, Burlingame, CA) for 1 hr at room temperature and diaminobenzidine reagent (Vector Laboratories) for 30 sec to 2 min. A rabbit IgG (I-1000, Vector Laboratories) was used at the same concentration as the primary antibody as a negative isotype control. We also tested CD73 immunohistochemistry in the kidneys from CD73 deficient mice anesthetized with pentobarbital or with isoflurane. Renal tubular CD73 immunohistochemistry was quantified as described by Kristina et al. with some modifications [74] . Integrated image densities of 5-7 randomly selected renal tubule areas from each slide were averaged and background measured from isotype control slides were subtracted. Renal tubular CD73 intensity was expressed as fold increase over pentobarbital anesthetized mice.
Statistical analysis
The data were analyzed with Student's t-test when comparing means between 2 groups or with one way (e.g., plasma creatinine) or two way (e.g., renal medullary blood flow) analysis of variance plus TUKEY's post hoc multiple comparison test to compare mean values across multiple treatment groups. The ordinal values of the renal injury scores were analyzed by the Mann-Whitney nonparametric test. In all cases, a probability statistic P<0.05 was taken to indicate significance. All data are expressed throughout the text as means ± SEM. Representative (of 4 experiments) HPLC images for adenosine generated in HK-2 cell culture media. HK-2 cells were treated with either carrier gas (B) or with 2.5% isoflurane (C) for 16 hr and cell culture media were collected for HPLC analyses to measure adenosine. D. Average adenosine levels after isoflurane treatment increased dosedependently (0-2.5%) compared to carrier gas-treated controls (N=4). Data are presented as means ± SEM. *P<0.05 vs. carrier gas-treated controls. Error bars represent 1 SEM. A and B. CD73 mRNA (RT-PCR, A) and protein (immunoblotting, B) expression in HK-2 cells treated with 2.5% isoflurane for 6 or 16 hr (N=4-6). Representative images (top) and band intensity quantifications (bottom) expressed as fold increases in CD73 expression over carrier gas and IgG isotype antibody treated controls. C. Adenosine levels in cell culture media (top) and CD73 activity (bottom) in HK-2 cells treated with 2.5% isoflurane for 6 hr (N=6). D and E. CD73 mRNA (RT-PCR, A) and protein (immunoblotting, B) expression in primary culture of mouse proximal tubule cells treated with 2.5% isoflurane for 6 or 16 hr (N=3). Representative images (top) and band intensity quantifications (bottom) expressed as fold increases in CD73 expression over carrier gas and IgG isotype antibody treated controls. GAPDH mRNA and b-actin protein expression were also quantified to normalize lane loading. *P<0.05 vs. carrier gas group treated with IgG isotype antibody. #P<0.05 vs. isoflurane group treated with IgG isotype antibody. Error bars represent 1 SEM. TGF-β1 antibody (10 μg/ml) prevents isoflurane-mediated induction of CD73 mRNA and protein expression, adenosine generation as well as CD73 activity in human and mouse proximal tubule cells. A. Plasma creatinine levels from CD73 wild type or CD73 deficient (KO) mice subjected to 30 min. renal ischemia and 24 hr reperfusion (IR). After renal IR, mice were further anesthetized with 1.2% isoflurane (ISO) or with equi-anesthetic dose of pentobarbital (PB). Some mice were pretreated with AOPCP (a selective CD73 inhibitor, 2 mg/kg, i.p.) or with 8-PT (non-selective but specific adenosine receptor antagonist, 1 mg/kg, i.p.) 15 min. before sham-surgery or renal ischemia (N=5-6 per group). To neutralize TGF-β1 in vivo, some CD73 wild type mice were injected with 5 mg/kg monoclonal anti-TGF-β1 (MAB240) or control isotype antibody i.v. 10 min. before renal ischemia. To inhibit TGF-β receptor I kinase, we also treated some CD73 wild type mice with a specific inhibitor SD-208 (60 mg/kg p.o.) 1 hr before renal ischemia. Isoflurane post-conditioning significantly attenuated the increases in plasma creatinine after renal IR. CD73 genetic deficiency, CD73 inhibition, adenosine receptor blockade or inhibition of TGF-β1 signaling prevented renal protection with isoflurane post-conditioning. # P<0.05 vs. vehicle-treated pentobarbital-anesthetized mice subjected to renal IR. B. Representative photomicrographs of 5-6 experiments for hematoxylin and eosin staining (magnification 200X) of kidneys of vehicle-treated wild type mice, AOPCP-treated wild type mice or CD73 deficient (KO) mice subjected to 30 min. renal ischemia and 24 hr reperfusion (IR). C. Summary of Jablonski scale renal injury scores (N=4, graded from hematoxylin and eosin staining, scale 0-4) for mice subjected to renal IR. * P<0.05 vs. pentobarbital-anesthetized mice subjected to renal IR. Error bars represent 1 SEM. Vehicle-treated mice anesthetized with pentobarbital after renal ischemia showed severe renal tubular necrosis. Isoflurane post-conditioning significantly attenuated renal tubular necrosis and renal injury scores after renal IR. CD73 deficiency or CD73 inhibition prevented renal protection with isoflurane post-conditioning in mice. Kidney Int. Author manuscript; available in PMC 2014 January 01.
